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Abstract 

In  order  to  adapt  the  anodisation  technique  to  SOFC  application,  zirconium  and  zirconium-niobium  alloys  were  tested  in  various  electrolytic 
media  and  applied  potentials  (up  to  420  V).  The  elaborated  Zr02  insulating  layers  were  characterised  in  situ  by  electrochemical  impedance 
spectroscopy  and  their  thicknesses  were  determined  as  ranging  up  to  1  pm.  The  effect  of  thermal  annealing  treatment  of  layers  prepared  in 
various  experimental  conditions  was  investigated  by  X-ray  diffraction  (XRD)  and  solid-state  electrochemical  impedance  spectroscopy  in  a 
planar  configuration.  The  effect  of  the  growing  conditions  on  significant  parameters  such  as  zirconia  crystallite  size,  zirconia  conductivity  and 
activation  energy  were  deduced  up  to  800  °C.  The  possibility  of  using  the  anodisation  process  for  fuel  cell  devices  is  discussed.  This  study 
demonstrates  that  it  surely  requires  the  use  of  more  efficient  dopants,  such  as  yttria. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Although  the  feasibility  of  solid  oxide  fuel  cells  (SOFC) 
has  been  clearly  demonstrated,  the  present  working  tempera¬ 
ture,  above  800-850  °C,  requires  the  use  of  expensive  ceram¬ 
ics  for  the  interconnection  plates  (i.e.  LaCrOs)  and  provokes 
the  premature  ageing  process  of  the  different  components: 
anode,  cathode  and  bipolar  plates.  The  decrease  in  the  work¬ 
ing  temperature  of  this  electrochemical  device  is  probably  the 
main  target  in  order  to  obtain  reliable  prototypes  and  to  reach 
the  commercial  market.  Nevertheless,  decreasing  the  temper¬ 
ature  down  to  600-700  °C  in  order  to  increase  SOFC  lifetime 
conduces  to  an  insufficient  ionic  conductivity  of  oxide  ions 
through  the  electrolyte.  Therefore,  one  of  the  most  promising 
means  to  solve  this  problem  is  to  reduce  the  electrolyte  thick¬ 
ness  and,  consequently,  to  limit  its  ionic  resistance  [1].  The 
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aim  of  the  present  work  is  to  elaborate  zirconia  and  doped 
zirconia-based  thin  layers  by  a  cheap  electrochemical  method 
allowing  to  obtain  dense  and  homogeneous  layers:  high  volt¬ 
age  anodisation.  Elaboration  of  zirconia  by  this  technique 
has  already  been  realised  in  the  literature  [2-9];  however, 
our  purpose  here  is  to  optimise  the  zirconia  synthesis  pa¬ 
rameters,  to  initiate  the  work  on  doped  zirconia  (i.e.  with 
niobium)  and  analyse  the  electrical  properties  of  these  mate¬ 
rials  at  high  temperature.  The  basis  of  the  method  is  to  start 
from  metallic  zirconia  and  to  oxidise  this  metal  electrochemi- 
cally  in  an  appropriate  electrolytic  solution.  Depending  upon 
the  pH  of  the  solution,  the  global  reaction  can  be  written 
as: 


Zr  +  2H20  - 

*  Zr02  +  4H+ +  4e” 

(i) 

Zr  +  40H"  - 

>  Zr02  +  2H20  +  4e_ 

(2) 

Synthesis  of  zirconia  and  doped  zirconia  was  realised 
at  different  experimental  conditions,  including:  the  applied 
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Fig.  1.  View  of  the  mounting  of  the  zirconium  rod  and  plate  working  electrodes. 


potential,  the  electrolyte  composition,  pH  and  the  matrix. 
The  oxide  formation  kinetics  was  followed  by  electro¬ 
chemical  impedance  spectroscopy.  The  structural  and  elec¬ 
trical  properties  of  the  mentioned  materials  were  deter¬ 
mined  at  high  temperature.  This  study  constitutes  a  first 
step  towards  the  application  of  anodisation  in  the  field  of 
SOFC. 


(b)  E  /V  vs  Ir02 

Fig.  2.  (a)  Voltammograms  obtained  at  100  mV  s-1  in  ammonium  diborate 
0.1  moll-1,  pH  9,  on  Zr  (99.8%)  and  Zr-Nb  (99%-l%)  plates  and  (b)  is  a 
detail  of  (a). 


2.  Experimental 

Linear  sweep  voltammetry  was  used  for  the  anodisation 
technique.  Due  to  the  insolating  character  of  zirconia,  the 
applied  potentials  must  be  continuously  increased  during 
the  anodic  coating  growth  and  very  high  voltages  were  at¬ 
tained  for  the  present  investigation  (above  400  V);  there¬ 
fore,  the  experimental  set-up  is  equipped  with  a  stabilised 
Keitley  2410  sourcemeter  allowing  to  reach  1100V  and 
21  mA. 


Fig.  3.  (a)  Zr  rod  (x)  and  Zr  plate  (■)  voltammograms  obtained  at 
100 mV s-1  in  0.1  moll-1,  pH  9  sodium  sulphate  solution  and  (b)  enlarged 
view. 
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Table  1 


Comparison  of  anodic  films  growth  speeds  at  100  mV  s  1  obtained  by  an¬ 
odisation  of  zirconium  or  Zr-Nb  alloy  in  different  experimental  conditions 


Substrate 

Electrolyte 

Growth  speed  (As  1 ) 

Zr 

(NH4)2B407 

2.1 

Zr-Nb  (1%) 

(NH4)2B407 

2.2-3. 6 

Zr 

h2so4 

1. 8-2.9 

Zr 

Na2S04 

2.4 

Zr 

NaOH 

1.9 

f/Hz 


f  /Hz 


Fig.  4.  Bode  diagrams  recorded  in  situ  during  the  anodisation  of  Zr  in 
0.1  moll-1,  pH  9  sodium  diborate  solution  at  100 mV s-1. 


Fig.  5.  Zirconia  film  thickness  as  a  function  of  the  applied  voltage  during 
anodisation,  (a)  Effect  of  zirconium  alloying:  zirconium  (♦),  Zr-1%  Nb  (X) 
in  0.1  moll-1  (NH4)2B407.  (b)  Effect  of  electrode  shape:  Zr  plate  (A),  Zr 
rod  (O)  in  0.1  moll-1  Na2S04. 

A  two-electrode  electrochemical  set-up  was  used.  The 
electrolysis  was  performed  in  a  100  ml  glass  cell.  A  cylin¬ 
drical  Ti/IrC>2  grid  was  used  as  a  counter  electrode.  The  zir¬ 
conium  working  electrode  was  made  from  99.8%  Zr  rods 
or  plates  (Goodfellows),  containing  as  main  impurities  (in 


Table  2 


Comparison  of  anodisation  Faradaic  efficiency  obtained  with  zirconium  rods  and  plates  in  different  experimental  conditions 


Substrate 

Electrolyte 

pH 

Scan  sweep  (mV  s  1 ) 

Sample  shape 

Final  potential 

Faradaic  efficiency  (%) 

Zr 

(NH4)2B407 

9 

100 

Plate 

300 

20 

Rod  [10] 

400 

26 

Zr 

(NH4)2B407 

9 

33 

Plate 

300 

23 

Zr-Nb  (1%) 

(NH4)2B407 

9 

100 

Plate 

300 

50 

Zr 

h2so4 

0,3 

100 

Plate 

170 

77 

Rod  [10] 

170 

43 

Zr 

Na2S04 

9 

100 

Plate 

190 

41 

Rod  [10] 

190 

20 

Zr 

NaOH 

13 

100 

Plate 

290 

21 

Rod  [10] 

290 

23 
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ppm)  Hf  2500,  C  250,  Fe  200,  Cr  200,  N  100,  O  1000  and  H 
10.  The  plate  diameters  were  1.0  or  0.7  cm.  The  alloy  plates, 
with  1  wt.%  of  niobium,  were  an  industrial  material  prod¬ 
uct  supplied  by  Framatome  (France),  with  no  precise  list  of 
impurities.  The  electrodes  were  mounted  in  a  glass  tube  as 
displayed  in  Fig.  1. 

Zirconium  and  alloy  samples  were  treated  similarly  before 
the  anodisation  process.  First  of  all,  they  were  mechanically 
polished  with  SiC  P400  and  PI 200  abrasive  paper  and  then 
with  a  3  |jim  diamond  powder  on  metallurgical  cloth.  After¬ 
wards,  the  samples  were  degreased  in  acetone  and  ethanol 
about  10  min  each  in  an  ultrasonic  bath.  Then,  they  were 
chemically  etched  for  2  min  in  a  solution  of  HF  (48%),  HNO3 
(68%)  and  deionised  water  (18.2 cm)  with  1:15:34  vol¬ 
ume  ratios,  respectively.  After  this  treatment,  the  samples  had 
a  mirror  like  aspect. 


Different  aqueous  electrolytic  solutions  were  tested: 
0.5 moll-1  H2SO4  from  ultrapure  96%  H2SO4  (Normatom 
from  Prolabo)  (pH  0.3),  0.1  moll-1  Na2SC>4  (Aldrich, 
reagent  grade)  with  a  pH  adjusted  at  9  by  NaOH  addi¬ 
tion,  0.1  mol  l-1  NaOH  (Prolabo,  reagent  grade)  (pH  13)  and 
0.1  mol  l-1  ammonium  biborate,  (N^^EUOy,  pH  9  (Sigma, 
reagent  grade).  The  applied  potential  during  anodisation  will 
be  referred  to  the  Ir02  electrode.  During  the  voltage  sweep, 
the  solution  was  stirred  vigorously  with  a  magnetic  barrel. 
The  potential  sweep  was  started  at  0  V  versus  Ir02  and  per¬ 
formed  at  a  constant  sweep  rate,  classically  100  mV  s-1 .  The 
voltage  sweep  was  stopped  at  a  given  potential,  Est0p,  and  an 
impedance  spectrum  was  recorded  then  at  0  V  with  respect 
to  the  mercurous  sulphate  electrode  (ESM:  +0.65  V/NHE), 
a  potential  close  to  the  electrode  rest  potential.  The  voltage 
sweep  was  then  continued  starting  at  .Estop,  stopped  at  a  new 


Fig.  6.  XRD  diagrams,  (a)  Pristine  Zr  substrate  oxidised  by  air  annealing  at  800  °C  during  1  h,  (b)  0.6  pan  thick  anodic  film  grown  on  Zr  in  0.1  moll-1  NaOH, 
(c)  0.7  [xm  thick  him  grown  on  Zr  in  0.1  M  (NH3)2B407  and  (d)  1.4  pm  thick  him  on  Zr-Nb  (1%)  in  0.1  moll-1  (NHz^EUOv.  Peaks  indexed  with  Zr02  (1 ) 
and  Pt  (• )  (sample  holder). 
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Fig.  7.  XRD  diagrams  for  increasing  annealing  temperature  of  the  sample  of  Fig.  6d. 


higher  potential  for  impedance  measurement  and  so  on.  The 
in  situ  electrochemical  impedance  spectroscopy  (EIS)  mea¬ 
surements  were  used  to  follow  the  anodic  film  thickness  dur¬ 
ing  the  growth;  they  were  realised  with  a  EGG  PAR  283  po- 
tentiostat  combined  with  a  Solartron  1255  model  frequency 
response  analyser  both  monitored  by  the  Zplot-2  software 
from  Scribner  Associate.  The  ac  signal  amplitude  was  30  mV 
and  the  frequency  was  swept  from  106  to  10“ 1  Hz  (10  points 
per  decade). 

The  high  temperature  EIS  determinations  were  realised 
with  an  Autolab  ECO  Chemie  B.V.  frequency  analyser 
at  the  open-circuit  potential.  The  frequency  range  was 
106— 10— 2  Hz  and  the  potential  amplitude  varied  between  200 
and  300  mV. 

X-ray  diffraction  (XRD)  analysis  as  a  function  of  tem¬ 
perature  was  realised  with  a  Siemens  D5000  diffractometer 
equipped  with  a  high  temperature  chamber  Anton  Paar  HTK 
1200,  with  a  Cu  Ka  radiation  (A.Ka  =  1.5406  A).  The  diffrac¬ 
tion  intensity  was  measured  in  the  20-80°  (20)  range,  by  steps 
of  0.0146°.  Measurements  were  done  between  25  and  825  °C 
each  25  °C,  under  airflow  (5  lh-1).  The  heating  and  cooling 
speeds  were  0.1  and  1.0  °C  s-1,  respectively. 


3.  Results  and  discussion 

Anodisation  of  zirconium  rod  has  been  successfully  per¬ 
formed  and  analysed  in  different  electrolytes,  such  as  NaOH, 
Na2SC>4,  H2SO4  and  (NTL^EUOv,  by  one  of  the  authors 
[7].  For  the  SOFC  application,  we  will  mostly  focus  here 
on  the  most  interesting  medium,  sodium  diborate,  which 
allows  the  growth  of  the  thickest  dense  anodic  films,  us¬ 


ing  zirconium  plate  samples,  which  allow  simple  post¬ 
growth  characterisation  of  the  coatings  by  XRD  or  impedance 
spectroscopy. 

In  Fig.  2,  the  anodisation  of  a  Zr  and  Zr-Nb  (1%)  al¬ 
loy  plates  in  ammonium  diborate  are  compared.  Both  current 
density-potential  curves  are  complex  but  relatively  similar 
up  to  220  V.  In  the  case  of  Zr,  a  small  current  peak  is  ob¬ 
served  at  approximately  2-4  V,  which  can  be  attributed  to 
oxygen  evolution  (proceeding  from  water  oxidation)  before 
metal  passivation  (Fig.  2b).  It  is  followed  by  a  slow  increase 
in  the  current  density  with  the  applied  potential  up  to  300  V. 
This  potential  domain  probably  corresponds  to  the  O2-  mi¬ 
gration  and  anodic  zirconia  film  formation.  Then,  at  about 
400  V,  the  current  density  increases  dramatically,  reaching 
the  sourcemeter  saturation  limit  (Fig.  2a).  In  the  case  of  the 
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Fig.  8.  Effect  of  annealing  temperature  on  the  crystallite  grain  size  (in  A)  as 
determined  from  the  Scherrer  formulae.  Samples  of  Fig.  6b  (A)  Fig.  6c  (O) 
and  Fig.  6d  (x). 


O 


A 

A 

A 

A 

A 

A 

18 

18 

X 

_ 1 _ L_ 

OX 

18 

^  & 

O 

t - 1 - 1 - r 


90 


X.  Montero  et  al.  /  Journal  of  Power  Sources  151  (2005)  85-92 


alloy,  the  curve  morphology  is  similar  up  to  220  V  and  then 
diverges,  the  current  onset  arising  earlier. 

In  Fig.  3  are  compared  the  anodisation  of  a  Zr  rod  and 
a  Zr  plate  in  similar  experimental  conditions  (sodium  sul¬ 
phate  medium).  This  aspect  is  interesting  because  most  of 
the  published  work  in  this  field  was  done  with  Zr  rods  and 
it  is  clear  that  for  planar  SOFC  applications,  Zr  plates  are 
required.  The  peak  appearing  at  low  potentials,  around  50  V, 
and  associated  to  oxygen  formation  is  more  intense  in  the 
case  of  the  Zr  rod  (Fig.  3b).  Afterwards,  the  current  density 
of  the  plateau  is  slightly  higher  in  the  case  of  the  rod  with  a 
breakdown  potential  in  this  medium  at  200  V,  whereas  it  is 
of  190  V  in  the  case  of  the  plate.  In  general,  we  have  noticed 
that  the  sourcemeter  current  limit  is  attained  at  a  lower  po¬ 
tential  for  the  plates  compared  to  the  rods.  The  current  peaks 
observed  are  smaller  for  the  plates  than  for  the  rods;  this  phe¬ 
nomenon  is  more  marked  in  the  case  of  sulphated  electrolytes 
(as  shown  in  Fig.  3). 

The  dielectric  constant  and  the  thickness  of  the  obtained 
layers  were  determined  in  situ  by  impedance  measurements, 
after  that  the  voltage  sweep  was  stopped,  according  to  a 
methodology  previously  described  [7,8].  Fig.  4  shows  the 
Bode  diagrams  obtained  with  a  Zr-Nb  (1%)  alloy  in  ammo¬ 
nium  diborate.  It  can  be  noted  that  the  theta  phase  plot  shows 
two  relaxations  after  50  V.  The  high  frequency  (HF)  relax¬ 
ation  is  observed  above  100  Hz,  and  the  low  frequency  (LF) 
relaxation  below  this  frequency.  HF  relaxation  is  used  to  mea¬ 
sure  the  thickness  of  the  oxide  layer  formed  by  anodisation, 


according  to  the  following  relationship: 


Cfilm 

where  d  is  the  thickness  of  the  oxide  layer,  £o  the  vacuum  per¬ 
mittivity  (8.85  x  10-14Fcm-1),  s  the  oxide  dielectric  con¬ 
stant  and  S  is  the  real  surface  area  including  the  roughness 
factor  (supposing  here  that  its  value  is  1).  As  shown  in  a  pre¬ 
vious  work  [7],  the  value  of  s  is  close  to  20  and  varies  slightly 
with  the  growing  medium.  Cfnm  is  the  total  oxide  film  capaci¬ 
tance,  determination  for  which  has  been  thoroughly  described 
by  Pauporte  et  al.  [7].  The  impedance  module  at  HF  presents 
a  constant  slope  shifting  towards  higher  frequencies  when 
increasing  the  applied  potential.  The  LF  relaxation,  which 
evolves  less  with  the  applied  potential  during  anodisation 
than  the  HF  one,  can  be  ascribed  to  some  porosity  or  defects 
at  the  sample  surface. 

As  shown  in  Fig.  5,  it  can  be  observed  that  the  film  growth 
on  zirconium  (in  ammonium  diborate  (Fig.  5a)  or  sodium 
sulphate  (Fig.  5b))  is  linear  with  respect  to  the  applied  po¬ 
tential.  In  the  case  of  the  alloy  plate,  linearity  is  not  observed 
at  potentials  above  200  V  where  the  film  growth  becomes 
significantly  faster. 

Table  1  summarises  the  principal  growth  speeds  ob¬ 
tained  in  different  experimental  conditions.  The  growth 
speed  is  around  0.2  nms-1,  except  in  H2SO4  (Zr  plate)  and 
(NH4)2B407  (Zr-Nb  plate)  where  the  film  growth  tends  to 
increase  significantly. 


Electrically  protected  electrodes 
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Point  Pt  electrode 
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Oxide  layer 
Zirconium  plate 
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Water-cooled  stainless  steel 
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Fig.  9.  Experimental  set-up  cell  for  ionic  conductivity  measurements. 
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Faradaic  efficiencies  related  to  the  anodisation  process  are 
calculated  from  the  ratio  between  the  thickness  value  mea¬ 
sured  by  impedance  and  the  theoretical  one,  determined  by 
the  following  formulae: 


d\ 


theoretical  — 


M 

SnFp 


I{t)  d  t 


where  I(t)  is  the  current  (A),  t  the  time  (s),  M  the  zirconia 
molar  mass  (123.2  g  mol-1),  n  the  electron  number  (4),  p  the 
volume  density  of  crystallised  zirconia  (5.68  gem-3)  and  S 
is  the  electrode  surface  area.  The  global  anodisation  reaction 
is  (1)  in  acidic  and  (2)  in  basic  solutions.  The  main  results 
are  presented  in  Table  2. 

In  the  case  of  the  Zr  plate,  no  clear  effect  of  the  potential 
scan  rate  was  noted,  in  contrast  to  what  was  mentioned  for  the 
Zr  rod  previously  [8].  Concerning  the  Zr-1%  Nb  plate,  the 
calculated  efficiency  is  especially  high  at  50%  up  to  300  V 
in  spite  of  the  non-linearity  of  oxide  film  growth  (Fig.  5a). 
However,  after  300  V,  this  efficiency  falls  down,  probably 
due  to  parasitic  reactions.  In  sulphated  electrolytes  (H2SO4 
and  Na2S04),  a  significantly  higher  yield  was  obtained  with 
Zr  plate  with  respect  to  Zr  rod,  which  could  be  due  to  par¬ 
asitic  reactions  in  the  case  of  the  rod  (i.e.  the  peak  at  50  V 
is  relatively  important  for  the  Zr  rod  (Fig.  3a)).  Here  again, 
yields  are  higher  for  H2SO4  than  Na2S04  because  of  the 
non-linearity  of  the  oxide  growth  in  the  case  of  the  acid.  For 
NaOH,  yields  are  similar  for  both  the  rod  and  the  plate. 

Fig.  6  shows  a  comparison  between  the  room  temperature 
XRD  spectra  obtained  on  a  pristine  Zr  substrate  oxidised  by 
air  annealing  at  800  °C  during  1  h  (a),  anodised  Zr  in  sodium 
hydroxide  (b)  and  anodised  Zr  (c)  and  Zr-Nb  alloy  (d)  both 
in  ammonium  diborate.  It  can  be  noted  that  the  ZrC>2  mon¬ 
oclinic  phase,  (—1  1  1)  peak  at  28°,  is  the  only  visible  after 
anodisation,  showing  that  the  layer  formed  by  anodisation 
is  crystallised.  By  comparing  (c)  and  (d)  diffractograms,  one 
can  note  the  influence  of  the  substrate  on  the  anodisation  pro¬ 
cess.  Only  in  the  case  of  the  Zr-Nb  plate  (Fig.  6d),  two  extra 
shoulders  are  visible,  one  at  35°,  corresponding  to  the  (2  0  0), 
(0  2  0)  or  (0  0  2)  planes  and  the  other  at  55°,  with  a  (3  0  0)  or 
(12  2)  orientation.  Their  presence  can  be  ascribed  to  a  better 
crystallisation  or  to  the  fact  that  the  zirconia  layer  is  thicker 
in  the  case  of  this  substrate. 

Fig.  7  represents  XRD  diagrams  recorded  with  increas¬ 
ing  annealing  temperature  between  25  and  825  °C  in  the  case 
of  the  sample  prepared  from  the  Zr-Nb  anodisation.  At  low 
temperature,  we  can  mainly  observe  Zr  and  only  traces  of 
monoclinic  ZrC>2.  From  625  °C  on,  we  can  observe  a  rapid 
increase  in  the  ZrC>2  peaks  intensity  with  respect  to  those 
of  Zr.  At  825  °C,  Zr  peaks  are  not  observed  anymore.  These 
changes  are  maintained  when  coming  back  to  room  tempera¬ 
ture.  This  evolution  is  probably  due  to  the  recrystallisation  of 
the  formed  layer.  The  layer  formed  by  direct  anodisation  of  Zr 
in  ammonium  diborate  has  exactly  the  same  characteristics, 
which  is  also  the  case  with  the  Zr  anodisation  in  NaOH. 


The  grain  size  of  the  oxide  formed  by  anodisation  was 
determined  by  the  Scherrer  formulae: 


0.97. 

D  =  - 

b  cos  0 


where  b  is  the  width  at  half  maximum  of  the  sample  peak 
(rad),  0  the  diffraction  angle  (rad)  and  A  is  the  X-ray  wave¬ 
length  (A). 

Fig.  8  represents  the  evolution  of  the  grain  size  as  a  func¬ 
tion  of  the  temperature.  The  samples  anodised  from  Zr  and 
Zr-Nb  have  the  same  grain  size  at  25  °C,  but  their  evolution 
with  the  temperature  is  not  similar.  Monoclinic  Zr02  crystal¬ 
lites  increase  exponentially  on  the  Zr  anodised  substrates  and 
in  a  quasi-linear  way,  up  to  625  °C,  when  the  anodisation  con¬ 
cerns  the  Zr-Nb  alloy;  afterwards,  in  this  case,  the  crystal  size 
becomes  stationary.  In  the  case  of  the  Zr  sample  anodised  in 
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Fig.  10.  Nyquist  representation  of  the  impedance  spectra  of  a  film  grown  on 
Zr  in  0.1  mol  l-1  (NFL^EUO/  ( S  =  0.78  cm2),  (a)  Effect  of  the  temperature 
(0.54  pm  thick  him)  and  (b)  effect  of  the  oxide  him  thickness  at  two  different 
temperatures. 


92 


X.  Monte ro  et  al.  /  Journal  of  Power  Sources  151  (2005)  85-92 


Fig.  11.  Arrhenius  plot  of  the  conductivity  of  films  grown  on  Zr  (■)  and  on 
two  Zr-Nb  (0,  A)  anodised  in  0.1  moll-1  (NELO2B4O7. 

NaOH,  the  grain  size,  twice  bigger  at  low  temperature,  does 
not  vary  significantly  with  the  temperature. 

High  temperature  impedance  spectroscopy  allowed  us  to 
establish  the  samples  conductivity  as  a  function  of  the  temper¬ 
ature.  According  to  our  experimental  set-up,  shown  in  Fig.  9, 
we  have  a  symmetrical  configuration  allowing  to  use  the  fol¬ 
lowing  formula: 


where  a  is  the  ionic  conductivity,  R  the  measured  resistance 
and  /  is  the  thickness  of  the  oxide  layer. 

Fig.  10  shows  the  Nyquist  diagrams  at  different  temper¬ 
atures  (Fig.  10a)  and  thicknesses  (Fig.  10b)  in  the  case  of 
the  Zr  plate.  As  expected,  a  regular  increase  in  the  low  fre¬ 
quency  resistance  is  observed  with  decreasing  temperature  or 
increasing  thickness.  Activation  energies  were  deduced  from 
Arrhenius  plots.  In  the  case  of  the  Zr  plate  in  ammonium  dib¬ 
orate,  the  activation  energy  is  2.0  eV  whatever  is  the  thickness 
(1.08  or  0.54  pm),  which  proves  the  viability  of  anodisation 
as  an  elaboration  technique.  In  the  case  of  Zr-Nb  alloy  in 
the  same  conditions,  the  activation  energy  measured  is  sig¬ 
nificantly  lower  (1.44  eV),  which  could  be  attributed  to  the 
favourable  effect  of  the  dopant  on  the  conductivity. 

Fig.  1 1  shows  the  evolution  of  the  conductivity  as  a  func¬ 
tion  of  the  temperature  for  the  anodised  Zr  (0.82  pan  in  thick¬ 
ness)  and  for  two  samples  of  1.0  pm  thick  anodic  layer  on 
Zr-Nb  sample.  As  expected,  the  conductivity  of  the  ZrC>2 
layer  grown  on  the  Zr  sample  is  very  low  in  comparison  to 
what  is  required  for  the  SOFC  application.  For  the  classi¬ 
cal  yttria-doped  zirconia  (YSZ),  the  conductivity  is  about 
5  x  10~2  S  cm-1  at  800  °C  [10],  instead  of  4  x  10-8  S  cm-1 
for  our  pure  anodic  zirconia  layer.  This  result  is  logical, 


knowing  that  non-doped  ZrC>2  is  not  a  good  ionic  conduc¬ 
tor.  The  ionic  conductivity  of  the  Zr-Nb  sample  up  to  625  °C 
is  markedly  higher  than  that  of  the  Zr  one,  showing  the  bene¬ 
ficial  effect  of  doping  the  film  on  the  zirconia  conductivity.  It 
is  interesting  to  note  that  this  result  is  in  good  agreement  with 
a  higher  corrosion  speed  observed  on  Zr-Nb  compared  to  Zr 
(e.g.  [11]).  Therefore,  the  effect  of  film  additives  (dopants, 
. . .)  is  very  important  to  improve  the  conductivity  of  ZrC>2, 
in  particular  the  addition  of  yttria  in  appropriate  amount  in 
the  initial  metal  electrode  may  allow  to  attain  the  zirconia 
conductivity  range  required  for  SOFC  application. 

4.  Conclusion 

The  feasibility  of  elaborating  Zr02  thin  layers  by  the  an¬ 
odisation  of  Zr  or  Zr-Nb  (1%)  plates  was  proven  through 
this  work.  The  influence  of  the  electrolytic  medium,  the  im¬ 
posed  potential  and  the  doping  effect  was  clearly  demon¬ 
strated  on  the  anodisation  curves  (current  density  versus  po¬ 
tential).  Different  parameters  were  determined:  oxide  layer 
thickness,  grain  size  and  structural  evolution  with  the  temper¬ 
ature.  High  temperature  impedance  measurements  allowed 
us  to  determine  the  activation  energy  and  conductivity  of  the 
samples.  In  particular,  all  the  samples  analysed  present  a  very 
low  conductivity  with  respect  to  SOFC  application.  This  re¬ 
sult  was  expected,  knowing  that  Zr02  ionic  conductivity  is 
extremely  low  and  that  the  doping  effect  of  1  %  of  niobium 
is  not  enough  for  a  significant  increase  in  the  conductivity.  It 
is  obvious  now,  after  having  tested  the  anodisation  technique 
on  a  doped  sample  that  the  next  step  is  to  anodise  Zr-Y  al¬ 
loys  in  the  right  proportions  in  order  to  obtain  the  classical 
yttria-doped  zirconia  used  in  SOFC  devices.  Other  dopants 
and  oxide  could  also  be  used  with  the  same  technique. 
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